Introduction {#sec1}
============

The cerebellum plays a critical role in motor coordination and motor learning.[@bib1], [@bib2] Cerebellar impairments result in motor symptoms such as dysmetria, intention tremor, and dysarthria. In addition, recent studies have reported various cognitive deficits following damage to the cerebellum,[@bib3], [@bib4], [@bib5], [@bib6], [@bib7] suggesting its involvement in mental processes.[@bib8]

Significant advances in the understanding of the molecular mechanisms underlying the cerebellar functions have been attained by the generation and analysis of gene-modified mice.[@bib9], [@bib10], [@bib11], [@bib12], [@bib13] In particular, mice with Purkinje cell-specific gene modifications played a pivotal role.[@bib14], [@bib15], [@bib16], [@bib17], [@bib18], [@bib19] Purkinje cell-specific gene expression in most transgenic mice has used the Purkinje cell protein 2 (PCP2)/L7 promoter (henceforth L7), which drives the transcription of the L7 gene to produce the Purkinje cell-specific L7 protein.[@bib20], [@bib21], [@bib22] The L7 structural gene contains four exons that extend over about 2 kb in the genome.[@bib22] The rodent L7 promoter that was used in the Purkinje cell-specific transgenic mice consists of a 3-kb genomic region covering exons 1--4 with the upstream 0.9-kb promoter region.[@bib16], [@bib23], [@bib24], [@bib25] The original start codon present in exon 2 and the potential downstream ATGs, in all reading frames, were removed from the exon regions.[@bib23] Therefore, the translation was initiated only from an ATG provided by an exogenous cDNA cloned into the unique BamHI site in exon 4.

Recently, the application of gene transfer using adeno-associated virus (AAV) vectors has markedly increased because of their efficient and broad transduction capacity in neuronal and glial cells. A major drawback of the AAV vectors, however, is their limited packaging capacity of a maximum of 5 kb, including the two inverted terminal repeats (ITRs), which is similar to the size of the parent AAV genome.[@bib26] Therefore, expressing a 2-kb transgene by the 3-kb L7 promoter is not guaranteed. Moreover, the L7 promoter has a considerably weaker promoter strength compared with constitutive virus promoters such as the cytomegalovirus (CMV) and murine stem cell virus (MSCV) promoters. Thus, identifying a minimal and strong L7 promoter sequence preserving the Purkinje cell specificity will broaden the range of the transgene size for the viral accommodation and will advance the utilization of AAV vectors in the cerebellar research. In a yet unpublished previous study using lentiviral vectors, we found that a 1-kb fragment of the L7 promoter exhibited strikingly greater promoter strength than the original 3-kb L7 promoter (US Patent 8912315 B2),[@bib27] although the experimental procedure to obtain the 1-kb fragment and the sequence have not yet been published. Subsequent utilization of the compact 1-kb promoter by several groups, including ours,[@bib28], [@bib29], [@bib30], [@bib31] revealed overall maintenance of the Purkinje cell selectivity, but with some diffuse activity in off-target cells.

In the present study, we reported the identification of the 1-kb L7 fragment and its further truncation for a higher degree of Purkinje cell specificity. We showed that a 0.8-kb sequence upstream of the transcription initiation codon in the first exon of the L7 gene alone exhibited a great promoter strength that is almost comparable with the 1-kb fragment, but with a significantly higher specificity to Purkinje cells. Moreover, we demonstrated that this minimal 0.8-kb L7 promoter could work efficiently and specifically in Purkinje cells of a non-human primate.

Results {#sec2}
=======

A 1 kb Genome Fragment Upstream of the Translational Start Codon in Exon 2 Holds Marked Promoter Strength with Purkinje Cell Specificity {#sec2.1}
----------------------------------------------------------------------------------------------------------------------------------------

Since the initial report of the L7 protein in 1988,[@bib20], [@bib21] four splice variants of the L7 gene consisting of four exons have been reported ([Figure 1](#fig1){ref-type="fig"}). Although those splice variants were designated by unique names in the original papers, they were re-named for clarity to form A,[@bib32] form B,[@bib33] form C,[@bib34] and form D.[@bib35] Oberdick et al.[@bib22] produced transgenic mice expressing LacZ (β-galactosidase) under the control of the 8-kb L7 genomic fragment comprising the transcribed region of the form A (1.9 kb), 4 kb upstream of the start codon present in exon 2, and 2 kb downstream of the polyadenylation signal. In accordance with the native L7 expression, the transgenic line showed β-galactosidase expression solely in Purkinje cells, indicating that the 8-kb genomic fragment involves regions critical for Purkinje cell-restricted expression. Subsequently, Smeyne et al.[@bib23] generated transgenic mice expressing an attenuated form of the diphtheria toxin under the control of the 3-kb L7 fragment in which the cDNA was inserted into a unique BamHI site present in exon 4, whereas the original start codon in exon 2 and other potential ATGs in exons were mutated (see L7-1 in [Figure 2](#fig2){ref-type="fig"}A). The transgenic mice expressing a transgene using the L7-1 promoter exhibited highly specific GFP expression in Purkinje cells,[@bib16], [@bib23], [@bib24], [@bib25] which strongly indicates the presence of regions regulating the Purkinje cell-specific expression in the L7-1 promoter. Thus, we focused on the 3-kb L7-1 sequence for further investigation.Figure 1Schematic Representation of the Former 8-kb L7 Promoter and Its Association with the Four Splice FormsFour splice variants of L7 expressed in the cerebellum and/or eye were renamed chronologically as forms A--D. Boxes show the exons, in which the filled portions correspond to the coding region denoted with the start (ATG) and terminal (TGA) codons.Figure 2Deletion of the L7 Distal Structural Gene Significantly Upregulates the Promoter Strength and Maintains the Specificity to Purkinje Cells(A) Schema showing the original L7 promoter used for Purkinje cell-specific transgenic mouse (L7-1) and the deletion constructs (L7-2 to L7-5). The GFP gene was inserted at the BamHI site in exon 4 (L7-1 and L7-2) or after the original transcription initiation codon (ATG) present in exon 2 (L7-3 to L7-5). The size (base pair \[bp\]) of each construct without the GFP sequence is shown at the right side of each scheme. The L7 fragments were subcloned to the lentiviral plasmid as depicted. (B) Representative immunocytochemical images of the lentiviral GFP expression in cerebellar neurons under the control of L7-1 (upper) or L7-4 (lower). The neuronal culture was infected with lentiviral vectors at the day of plating and immunolabeled with GFP and calbindin D-28K at 14 days post-infection. Arrowheads indicate Purkinje cells. Scale bars, 100 μm. (C) Graph showing the GFP intensity relative to that induced by the L7-1 promoter. The GFP intensity in each promoter was calculated from 40 images randomly acquired from the culture. F~(6,273)~ = 180.10; p \< 0.001 by ANOVA. Error bars indicate SEM. (D) Graph showing the specificity of Purkinje cell transduction. Percent ratios of GFP-positive Purkinje cells to total GFP-positive cells are presented. F~(6,33)~ = 4589.00; p \< 0.001 by ANOVA. Error bars indicate SEM. (E) Graph showing the transduction efficiency of Purkinje cells. The ratios of GFP-positive Purkinje cells to total Purkinje cells are presented. F~(6,33)~ = 55.50; p \< 0.001 by ANOVA. Error bars indicate SEM. Data were obtained from eight (CMV, L7-3, and L7-4) and four (MSCV, L7-1, L7-2, and L7-5) independent cultures. \*\*p \< 0.01 by Bonferroni correction for post hoc test, as compared with the original L7-1 promoter.

We produced four truncated constructs (L7-2 to L7-5) by deleting the 5′ and/or 3′ sequence of L7-1 ([Figure 2](#fig2){ref-type="fig"}A). A major change was the site of GFP, which was shifted from exon 4 to exon 2; GFP in L7-3 to L7-5 was fused just downstream of the original start codon in exon 2. The five different lengths of the L7 gene constructs were subcloned into the lentiviral plasmid. Lentiviral vectors expressing GFP under the control of the constitutive CMV or MSCV promoter were used as controls. The primary culture of the rat cerebellum was infected with either of the lentiviral vectors ([Figure S1](#mmc1){ref-type="supplementary-material"}). Compared with the L7-1 promoter, the GFP fluorescence intensity was more than six times higher when induced by the L7-3 promoter (6.13 ± 0.26; p \< 0.001; [Figures 2](#fig2){ref-type="fig"}B and 2C; [Figure S1](#mmc1){ref-type="supplementary-material"}), indicating a striking enhancement of the promoter strength by elimination of the structural gene downstream of the original start codon in exon 2. Notably, the Purkinje cell specificity, which was evaluated by the ratio of GFP-positive Purkinje cells relative to the total GFP-positive cells in the cell culture, was not compromised by the deletion of the distal half of the structural gene (98.88% ± 0.72% for L7-1 and 99.54 ± 0.30% for L7-3; p = 1.000; [Figure 2](#fig2){ref-type="fig"}D). Moreover, the transduction efficiency of the Purkinje cells, which was evaluated by the ratio of GFP-expressing Purkinje cells to total Purkinje cells in the culture, was significantly increased up to almost 100% in L7-3, in contrast with a low transduction efficiency in L7-1 (34.27% ± 12.45% for L7-1 and 96.13% ± 2.91% for L7-3; p \< 0.001; [Figure 2](#fig2){ref-type="fig"}E). The L7-4, which lacked 0.3 kb from the 5′ end of the L7-3, showed similar Purkinje cell specificity to the L7-3 (99.54% ± 0.30% for L7-3 and 99.48% ± 0.52% for L7-4; p = 1.000). Similarly, the transduction efficiency of the Purkinje cells was 96.13% ± 2.91% for L7-3 and 99.61% ± 0.39% for L7-4; p = 1.000), but further deletion of 0.5 kb from the 5′ end of L7-4 (i.e., L7-5) significantly impaired the promoter strength (0.59 ± 0.04 times compared with the L7-1 promoter; p = 1.000), Purkinje cell specificity (49.20% ± 2.12%; p \< 0.001 compared with L7-4), and transduction efficiency (20.83% ± 3.11%; p \< 0.001 compared with L7-4; [Figures 2](#fig2){ref-type="fig"}C--2E). These results indicated that the 1-kb L7-4 fragment preserved the Purkinje cell specificity at least in the cerebellar culture and was superior to the 3-kb L7-1 in terms of the promoter strength.

To examine whether these L7-4 properties were also maintained in vivo, we injected lentiviral vectors expressing GFP under the control of the L7-4 or L7-1 promoter into 4-week-old mouse cerebellum ([Figure 3](#fig3){ref-type="fig"}A). The cerebellum was examined 1 week after the injection using a confocal microscopy. Native GFP fluorescence from sagittal cerebellar sections revealed a Purkinje cell-specific GFP expression by both L7-1 and L7-4. However, consistent with the in vitro results, the GFP expression was significantly higher under the L7-4 control compared with L7-1, with a 449.04 ± 68.43 times higher relative intensity in the L7-4 compared with the L7-1 (p = 0.001; [Figures 3](#fig3){ref-type="fig"}B--3F). To confirm the Purkinje cell specificity of the L7-4 promoter, we generated a transgenic mouse by lentiviral injection into the perivitelline space of embryos ([Figure 3](#fig3){ref-type="fig"}G) as reported previously.[@bib36] Sagittal brain sections from the L7-4-GFP transgenic mouse revealed cerebellum-restricted ([Figures 3](#fig3){ref-type="fig"}H and 3I) and Purkinje cell-specific ([Figure 3](#fig3){ref-type="fig"}J) GFP expression. This is the first detailed description of the 1-kb L7-4 promoter and its selectivity to Purkinje cells since the patent application.[@bib27]Figure 3L7-4 Works as a Purkinje Cell-Specific Promoter in the Mouse Cerebellum In Vivo(A) Schema depicting the lentiviral vectors expressing GFP by the L7-1 or L7-4 promoter and the viral injection to the mouse cerebellum. (B--E) Representative images of native GFP fluorescence on sagittal cerebellar sections at 1 week after viral injection. (B--E) The sections expressing GFP by the L7-1 (B and C) or L7-4 (D and E) promoter are presented. (F) Graph showing the relative GFP intensity of cerebellar sections lentivirally expressing GFP by the L7-4 promoter as compared with those induced by the original L7-1 promoter (n = 4 mice; t~(6)~ = −6.55; \*\*\*p = 0.001 by Student's t test). Error bars indicate SEM. (G) Schema describing the method of lentivirus-based generation of a transgenic mouse expressing GFP by the L7-4 promoter. (H--J) Bright-field (H) and native GFP fluorescent (I and J) images of a sagittal section of the whole brain (H and I) and the enlarged GFP image of the cerebellar cortex (J). Scale bars, 50 μm (A--D and J) and 2 mm (H and I).

The 844 bp Fragment, L7-6, Upstream of the Start Codon in Exon 1B Serves as a Highly Purkinje Cell-Specific Promoter {#sec2.2}
--------------------------------------------------------------------------------------------------------------------

Since the identification of the L7-4 sequence as an effective Purkinje cell-specific promoter suitable for viral vectors, the promoter has been widely used to date.[@bib28], [@bib29], [@bib30], [@bib31] Nevertheless, we and others have noted a diffuse transduction in non-Purkinje cells in the molecular and granule cell layers. In addition, the L7 splice variants that use different ATG in exon 1 as a translation initiation codon (forms B and C) prompted us to narrow down the L7 further to a shorter promoter with a more restricted leakage to other cell types. As a result, four more constructs were produced by the 3′ deletion of the L7-4 sequence, in which GFP was fused following ATG in exon 1B (L7-6), following the 3′ end of exon 1A (L7-7), following the 5′ end of exon 1A (L7-8), and following ATG in exon 1C (L7-9; [Figure 4](#fig4){ref-type="fig"}A). After subcloning of these constructs in pCL20c, lentiviral vectors were produced and injected into 4-week-old mouse cerebellum to assess the GFP expression patterns in terms of the promoter strength and Purkinje cell specificity. The L7-6 promoter strength was comparable with that of L7-4, with a relative GFP intensity of 1.12 ± 0.11 times compared with that of L7-4 (p = 1.000). Compared with L7-4, the relative GFP intensity of the other deleted promoters, namely L7-7, L7-8, and L7-9, indicated a significantly lower promoter strength, with a relative GFP intensity of 0.61 ± 0.07 times (p = 0.006), 0.38 ± 0.05 times (p \< 0.001), and 0.15 ± 0.04 times (p \< 0.001), respectively ([Figures 4](#fig4){ref-type="fig"}B--4G). Notably, the leakage of the promoter activity into non-Purkinje cells in the molecular and granule cell layers was almost eliminated in L7-6, where the number of GFP-positive interneurons in the molecular layer of the lobule III was 68.83 ± 12.33 for L7-4 compared with 7.17 ± 2.97 for L7-6 (p = 0.001; [Figures 4](#fig4){ref-type="fig"}H--4J; [Figure S2](#mmc1){ref-type="supplementary-material"}).Figure 4The 0.8-kb Genome Region Upstream of the Transcription Initiation Codon in Exon 1B, L7-6, Shows a Similar Promoter Strength as L7-4 and Much Less Leaky Activity in Cortical Cells Other Than Purkinje Cells(A) Schema depicting the L7-4 promoter and the 5′ side deletion constructs. Whereas the L7-4 promoter uses the transcription initiation codon in exon 2 as the form A and form D, the L7-6 and L7-9 promoters use different transcription initiation codons in exon 1B (L7-6) and exon 1C (L7-9) as the form B and form C, respectively. The L7-7 and L7-8 promoters are present or absent from exon 1A in the form A, respectively. The size (base pairs \[bp\]) of each construct without the GFP sequence is shown at the right side of each scheme. (B--F) Representative native GFP fluorescent images on sagittal sections of the cerebellum virally expressing GFP by the deleted promoters as depicted. Robust GFP expression was observed by L7-4 (B) and L7-6 (C), whereas the GFP expression was significantly decreased by deletion of the 3′ side (D--F). (G) Summary graph showing the GFP intensity relative to that by the L7-4 promoter. F~(4,39)~ = 19.96; p \< 0.001, ANOVA; \*\*p \< 0.01; ^††^p \< 0.01 by Bonferroni correction for post hoc test, as compared with L7-4 or L7-6 promoter, respectively. Error bars indicate SEM. (H and I) Enlarged GFP fluorescent images of the cerebellar cortex virally expressing GFP by the L7-4 (H) or L7-6 (I) promoter. Arrowheads indicate GFP-labeled non-Purkinje cells. (J) Graph showing the number of GFP-positive non-Purkinje cells in the molecular layer. t~(10)~ = 4.86; \*\*\*p = 0.001 by Student's t test. Error bars indicate SEM. Statistical data were obtained using 11 (L7-4), 12 (L7-6), 8 (L7-7), 8 (L7-8), and 5 (L7-9) mice. Scale bars, 200 μm (B--F) and 50 μm (H and I).

L7-6 Serves as a Minimal Purkinje Cell-Specific Promoter That Is Activated upon the Binding of RORα {#sec2.3}
---------------------------------------------------------------------------------------------------

We further attempted to delete the 5′ side of the L7-6 without compromising the promoter characteristics. The L7-10 was produced by the deletion of 0.4 kb from the 5′ side of the L7-6 ([Figure 5](#fig5){ref-type="fig"}A). Subsequently, lentiviral vectors expressing GFP by the L7-10 promoter were injected into the mouse cerebellum. One week after the viral injection, confocal microscopic analysis revealed a significantly lower GFP expression evidenced by the GFP intensity (0.53 ± 0.10; p = 0.015) and lower specificity to Purkinje cells compared with L7-6-induced GFP expression ([Figures 5](#fig5){ref-type="fig"}B, 5C, and 5E). Numerous GFP/GAD67 double-positive cells were detected in the granule cell layer, which were significantly higher in the L7-10 (21.60 ± 2.25) compared with the L7-6 (2.00 ± 1.08; p \< 0.001; [Figures 5](#fig5){ref-type="fig"}G--5I), indicating a significantly higher transduction of Golgi cells by the L7-10 compared with the L7-6 promoter. To examine whether the retinoic-acid-receptor-related orphan receptor α (RORα) binding to the L7-6 promoter was critical for the promoter strength, as reported in a previous study,[@bib37] we disrupted the RORα binding to the L7-6 by eliminating the binding site (L7-11 in [Figure 5](#fig5){ref-type="fig"}A). Subsequently, lentiviral vectors expressing GFP by the L7-11 promoter were injected into the mouse cerebellum. As evidenced by the GFP intensity, the GFP expression by the L7-11 (0.06 ± 0.03) was drastically decreased to about 5% of that induced by the L7-6 promoter (p \< 0.001; [Figures 5](#fig5){ref-type="fig"}B, 5D, and 5E). These results confirm the critical role of RORα binding to the L7-6 sequence in the promoter activity.Figure 5Regions Critical for Promoter Strength and Purkinje Cell Specificity in the L7-6(A) Schema depicting the deletion constructs of the L7-6. L7-10 lacks approximately 380-bp deletion upstream of the L7-6. L7-11 is almost identical to L7-6 but lacks the RORα binding sequence. (B--D) Representative native GFP fluorescent images on sagittal sections of the cerebellum virally expressing GFP by the promoters as depicted. The bright GFP fluorescence was observed in the slice transduced by the L7-6 (B), which was significantly decreased in the slice transduced by L7-10 (C) and L7-11 (D). (E) Summary graph showing the GFP intensity relative to that by the L7-6 promoter. F~(2,11)~ = 24.78; p \< 0.001 by ANOVA. Error bars indicate SEM. (F--H) Enlarged images of the cerebellar cortex virally expressing GFP by the L7-6 (F) or L7-10 (G and H) promoter. Sections were double-labeled with GFP and GAD67. Arrowheads indicate examples of non-Purkinje cells double-labeled for GFP and GAD67 in the granule cell layer. (I) Graph showing the number of cells double-labeled for GFP and GAD67 in the granule cell layer. F~(2,11)~ = 25.72; p \< 0.001 by ANOVA. Error bars indicate SEM. Data were obtained using four (L7-6), five (L7-10), and five (L7-11) mice. \*p \< 0.05; \*\*p \< 0.01 by Bonferroni correction for post hoc test. Scale bars, 500 μm (B--D) and 20 μm (F--H).

To verify the specificity of the L7-6 promoter in the CNS, we used AAV-PHP.B, which efficiently crosses the blood-brain barrier leading to diffuse transgene expression in almost the entire CNS regions when a ubiquitous promoter such as the CMV-β-actin-intron-β-globin hybrid (CAG) promoter is used.[@bib38] We administered AAV-PHP.B that expressed GFP under the control of the L7-6 promoter via the orbital venous plexus. Three weeks after the AAV-PHP.B injection, stereoscopic and fluorescent microscopic observations of the whole brain and the sagittal brain sections revealed marked GFP expression only in the cerebellum ([Figures 6](#fig6){ref-type="fig"}A--6D), which was specifically noted in Purkinje cells ([Figure 6](#fig6){ref-type="fig"}E). These findings confirm that the L7-6 promoter functions exclusively in the CNS Purkinje cells.Figure 6Validation of the Cellular Specificity of the L7-6 by Intravenous Administration of AAV PHP.B Vectors That Are Highly Permeable to the Blood-Brain Barrier(A--D) Bright-field (A and C) and native GFP fluorescent (B and D) images of the whole brain and the sagittal section. The mouse received intravenous injection of 100 μL of AAV PHP.B (3.0 × 10^13^ viral genomes/mL) and was sacrificed 3 weeks post-injection. (E) Magnification of the GFP fluorescent image at the cerebellar cortex. Scale bars, 2 mm (AD) and 50 μm (E).

In a transgenic mouse line that expressed high levels of humanized GFP under the control of the original L7-1 promoter, aggressive behavior reflected by bitten females was observed.[@bib39] Therefore, we intravenously injected high-titer AAV-PHP.B expressing GFP under the control of the L7-6 to adult male (n = 4) and female (n = 4) mice, and observed their behavior over a period of 2 months. Based on the results, none of the treated mice displayed aberrant behavioral phenotypes during the observation period, suggesting little influence of intravenously administered AAV-PHP.B and L7-6-driven GFP expression on the behavior of adult mice.

L7-6 Also Serves as a Purkinje Cell-Specific Promoter in Non-human Primates {#sec2.4}
---------------------------------------------------------------------------

Because our observations were so far observed solely using rodents, we attempted to verify whether the Purkinje cell specificity of the L7-6 promoter is valid across species. For the in vivo transduction of the marmoset cerebellum, AAV9 vectors, instead of lentiviral vectors, were used because they are significantly smaller (∼20 nm) than lentiviral vectors (∼100 nm), diffuse more efficiently in the brain parenchyma, and are suitable for the transduction of a broader area in large animals. Thus, we injected AAV9 vectors expressing GFP under the control of the L7-6 promoter into the cerebellum of a common marmoset, which is a New World monkey widely used in neuroscience research.[@bib40], [@bib41], [@bib42], [@bib43] Five weeks after the viral injection, the sagittal brain sections revealed a highly specific GFP expression in Purkinje cells ([Figures 7](#fig7){ref-type="fig"}A--7C), which was confirmed by immunohistochemical analysis against Parvalbumin ([Figures 7](#fig7){ref-type="fig"}D--7F). These results suggest that the L7-6 promoter is also Purkinje cell specific in non-human primates.Figure 7The L7-6 Promoter Behaves Identically as a Purkinje Cell-Specific Promoter in Marmoset Brain(A--C) Native GFP fluorescent image of the sagittal section of the marmoset cerebellum 5 weeks after the viral injection. A 1.9-year-old marmoset received cerebellar injection of 100 μL of AAV9 vectors expressing GFP by the mouse L7-6 promoter (1.0 × 10^13^ viral genomes/mL). Low-magnified images of GFP fluorescence alone (A) and GFP fluorescence superimposed on the bright field (B) and the enlarged GFP fluorescent image (C) were presented. (D--F) Immunohistochemical analysis of the sagittal section of the cerebellum expressing GFP under the control of the L7-6 promoter. The section was double-labeled with GFP and parvalbumin. Fluorescent images of GFP (D) and parvalbumin (E) and the merged image (F) are shown. Scale bars, 2 mm (A and B), 400 μm (C), and 50 μm (D--F).

Discussion {#sec3}
==========

Truncation of promoters and their evaluation in vivo by viral vector-mediated expression is a useful strategy to engineer better promoters. Indeed, we previously succeeded in identifying minimal and critical promoter regions required for promoter strength and cell-type specificity in both the astrocyte-specific glial fibrillary acidic protein promoter[@bib44] and the neuron-specific enolase promoter.[@bib45] In the present study, using a similar approach, we demonstrated that the L7-6 sequence comprising the 844-bp genome region upstream of the transcription start codon in exon 1B was sufficient for a robust promoter strength and Purkinje cell-specific gene expression in the cerebellum of mouse and common marmoset. Moreover, the use of AAV-PHP.B, which easily crossed the blood-brain barrier and attained global neuronal and glial transduction in the CNS when administered intravenously,[@bib38] confirmed the absence of the L7-6 promoter activity in extra-cerebellar regions, at least in the viral vector-mediated expression system.

In the first part of this study, we used the proximal 0.9-kb promoter sequence and the L7 (form A) structural gene sequence containing four exons (L7-1 in [Figure 2](#fig2){ref-type="fig"}A) to identify the minimal sequence required for a Purkinje cell-specific and robust transgene expression. This region was selected because the 3-kb L7-1 sequence has been widely used for the generation of transgenic mice with Purkinje cell-specific transgene expression.[@bib14], [@bib16], [@bib17], [@bib22], [@bib24], [@bib25] In the L7-1 composition used for those transgenic mice, the original transcription start codon in exon 2 and other possible start codons in every exon were disrupted, and the transgene containing a start codon was inserted into the BamHI site of exon 4. Obviously, this composition was unnatural. Therefore, we returned the transcription start codon to the original position in exon 2: we deleted the distal half of the structural gene and placed the transgene in exon 2 following the original ATG codon with a reading frame adjusted (L7-3). The lentivirus-mediated GFP expression by the L7-3 or L7-4 promoter, which had a 0.3-kb deletion at the 5′ side of the L7-3 promoter, exhibited a greater promoter strength compared with L7-1, without substantially compromising the specificity to Purkinje cells ([Figure 2](#fig2){ref-type="fig"}). This superior feature of the L7-4 promoter over the L7-1 promoter was confirmed also in the mouse cerebellum in vivo ([Figures 3](#fig3){ref-type="fig"}A--3F).

The prior 8-kb[@bib22] and 3-kb L7 promoters contain a 47-bp UTR at the 3′ end (3′ UTR) from the L7 gene, between the termination codon and the polyadenylation signal sequence.[@bib32] The microRNA (miRNA) sequence database, miRBase,[@bib46] predicted four miRNA binding elements in this region. Because miRNAs potentially silence mRNAs, the predicted miRNAs could contribute to the Purkinje cell-specific expression if the Purkinje cells selectively lacked the miRNA expression. However, the present results demonstrated that the distal half of the structural gene containing the 3′ UTR was overall dispensable for the Purkinje cell specificity of the L7 promoter. Alternatively, these miRNAs could silence the mRNA molecule in Purkinje cells, which could explain the weaker promoter strength of the L7-1 and presumably 8-kb promoters, compared with the L7-3, L7-4, and L7-6 promoters that lack the 3′ UTR from the L7 gene.

Previously, we and others have reported a subtle, but obvious, leakage of the L7-4 promoter activity into interneurons in the molecular layer ([Figures 4](#fig4){ref-type="fig"}H and 4J; [Figure S2](#mmc1){ref-type="supplementary-material"}). Further deletion of 164 bp from the 3′ end of the L7-4 promoter (L7-6) drastically decreased the leakage rate ([Figures 4](#fig4){ref-type="fig"}I and 4J), suggesting that the leakage observed in the L7-4 is not due to the absence of the downstream structural gene (E3--E4). The 164-bp region deleted from the L7-4 promoter to obtain L7-6 contains a unique consensus sequence (5′-CACGTG-3′) for binding the upstream stimulatory transcription factor (USF)-1, a member of the eukaryotic evolutionary conserved basic-Helix-Loop-Helix-Leucine Zipper transcription factor family. Because the USF-1 participates in the activation of numerous genes implicated in a variety of functions and networks,[@bib47] the loss of its binding element may be responsible for the enhanced Purkinje cell specificity of the L7-6 promoter over the L7-4 promoter.

Using Patch, a pattern-based program for predicting transcription factor binding sites, we searched the L7-6 sequence for transcription factor binding elements other than RORα that were potentially critical for directing the transcription specificity in Purkinje cells. We identified a binding element for REV-ERBα, a nuclear receptor[@bib48] that competes with RORα for the RORE (retinoic-acid-related orphan receptor response element) site and represses transcription.[@bib49], [@bib50], [@bib51] Because RORα is abundant in Purkinje cells in addition to thalamic neurons,[@bib52], [@bib53] the transcription upregulation by RORα likely dominates the repression by REV-ERBα. However, the L7 promoter activity is thought to be suppressed in other cell populations, in which the expression of REV-ERBα surpasses that of RORα.

On the other hand, the deletion of 379 bp from the 5′ side of the L7-6 promoter, corresponding to L7-10 ([Figure 5](#fig5){ref-type="fig"}A), increased significantly the leakage of the promoter activity into GAD67-positive cells in the granule cell layer ([Figures 5](#fig5){ref-type="fig"}A--5I). These results suggested that the 379 bp from the 5′ side of the L7-6 promoter play a role in suppressing the L7 promoter activity in off-target cells. Additionally, using Patch, we searched possible binding elements for transcription repressors in the 379-bp sequence and identified an element for the orphan nuclear receptor chicken ovalbumin upstream promoter-transcription factor (COUP-TF). COUP-TF binds the thyroid hormone response element (TRE) in the 5′ upstream region (A1TRE)[@bib54], [@bib55] located within the 379-bp sequence and represses the triiodothyronine (T3)-dependent transcriptional activation of the L7 in immature Purkinje cells. COUP-TF is expressed in the fetal and early neonatal Purkinje cell (at around post-natal day \[P\] 6) and is diminished onward, leading to T3-dependent activation of the L7 promoter.[@bib56] COUP-TF was detected until P12 in other brain regions including the granule cell layer even after its disappearance from the Purkinje cells, although its expression in the adult brain has not yet been validated. Deletion of the 379-bp sequence containing the COUP-TF element may explain the emergence of the L7-10 activity in off-target cells such as GAD67-positive cells in the granule cell layer ([Figures 5](#fig5){ref-type="fig"}G and 5H).

Common marmosets are gaining increasing attention as a potential experimental animal linking between rodents and humans.[@bib57] Furthermore, they are increasingly used in biomedical studies because of their many advantages over macaques, including: (1) the small size and easy handling, (2) the high reproductive efficiency, and (3) the lack of fatal zoonotic diseases such as the herpes B virus.[@bib41] Thus, viral vector-mediated expression of a transgene specifically in Purkinje cells of marmosets could advance the understanding of higher cerebellar functions such as fine finger movements and its involvement in mental processes. The structure and sequence of the L7 gene is comparable between humans and rodents. Indeed, similarly to rodents, the human L7 also has two alternative splice variants (forms A and B) and the human exon 1B, which contains the transcriptional start site for form B, lies within intron 1 of form A.[@bib33] This suggests a shared mechanism regulating the L7 gene expression between rodents and primates. Moreover, possible transcription factor binding sites including RORα are highly preserved among mice, marmosets, and humans ([Figure 8](#fig8){ref-type="fig"}). This was supported by our results that confirmed the mouse-derived L7-6 sequence to be also a Purkinje cell-specific promoter in marmosets ([Figure 7](#fig7){ref-type="fig"}). Thus, the mechanism underlying the robust and Purkinje cell-restricted expression is shared across those species, and the mouse L7-6 or the homologous human genome sequence may become available also for humans as a tool for gene therapy targeting Purkinje cells.Figure 8Sequences for Validated RORα and Putative Transcription Factor Binding Sites in L7-6 Promoter Are Highly Conserved among Mouse, Marmoset, and HumanBoxed regions are proposed transcription factor binding sites of the L7-6 promoter.[@bib37] Numbers above the sequence are relative positions when the transcription initiation codon begins from +1. Notably, the retinoic-acid-receptor-related orphan receptor α (RORα) binding sites completely match between mouse and human, suggesting that the mouse L7-6 promoter effectively works in the human brain as proven in the marmoset brain.

Materials and Methods {#sec4}
=====================

Animals {#sec4.1}
-------

All animal procedures were performed according to the institutional and national guidelines and were approved by the Institutional Committee of the Gunma University (12-013). We obtained Wistar rats, C57BL/6J (BL6), and ICR mice from Japan SLC. The mice were maintained on a 12-hr light/dark cycle with light turning on at 9 a.m. Food and water were freely accessible. One adult male common marmoset (*Callithrix jacchus*) born and raised at the Gunma University Bioresource Center was used for the AAV9 injection. The common marmoset was kept in a large cage (375 mm × 550 mm × 762 mm) equipped with wood branches and iron perches, and was housed under a 12-hr light/dark cycle with light turning on at 7 a.m. Temperature (26°C--28°C) and humidity (20%--70%) were also controlled. The marmoset had free access to water and a daily portion of food consisting of 40--50 g of soaked monkey chow (CMS-1; CLEA Japan) with vitamin supplements, fresh fruit, vegetables, boiled chicken, or milk powder. The handling of all animals was based on the Guide for the Care and Use of Laboratory Animals (8th edition). All efforts were made to minimize suffering and reduce the number of animals used.

Lentiviral Vector {#sec4.2}
-----------------

The L7 promoter sequences were amplified using the primer sets summarized in [Table S1](#mmc1){ref-type="supplementary-material"} and were subcloned into pCL20c. To delete the RORα binding site, we amplified the DNA fragments upstream and downstream of the RORα binding site by using PCR with primer pairs of F1 and R1 or F2 and R2, respectively. Subsequently, two DNA fragments were ligated to generate L7-11 sequence using the In-Fusion HD Cloning Kit (Takara Bio). The lentiviral vectors were produced as previously described.[@bib58] Four plasmids (pCAGkGP1R, pCAG4RTR2, pCAG-VSV-G, and pCL20c/L7-GFP) were transfected into the HEK293T cells using the calcium phosphate precipitation method. The supernatant-containing virus particles were harvested 48 hr after the transfection, followed subsequently by ultracentrifugation. The precipitated viral particles were re-suspended in 70 μL of PBS. To measure the viral genomic titer, we obtained the genomic RNA from 1 μL of the viral solution using the RNeasy Mini Kit (QIAGEN). Subsequently, the genomic RNA was reverse transcribed by the ReverTra Ace qPCR RT Master Mix with gDNA Remover (Toyobo). Finally, real-time qPCR was performed using the Takara thermal cycler Dice TP800 system (Takara Bio) and SYBR Premix Ex TaqII (Takara Bio). The following primer pairs were used: EGFP-F, 5′-CGACCACTACCAGCAGAACAC-3′ and EGFP-R, 5′-TGTGATCGCGCTTCTCGTTGG-3′.

Cerebellar Neuronal Culture and Immunocytochemistry {#sec4.3}
---------------------------------------------------

Dissociated cerebellar neuronal cultures were prepared using 20- to 21-day-old Wistar rat fetuses according to a published protocol for Purkinje cell culture.[@bib59] In brief, rat cerebellar neurons were plated on a 12-well plate covered with plastic coverslips (200,000 cells per well), at a Purkinje-to-granule cells ratio of 1:20. After 3 hr, 1 mL of serum-free culture medium was added to each well. Half of the medium was replaced at 9 days in vitro (DIV). At 14 DIV, the cerebellar cultures were fixed in 4% paraformaldehyde in PBS for 2 hr at 4°C and then blocked with 2% bovine serum albumin and 0.4% Triton X-100 in PBS for 30 min. The cultures were incubated with the following primary antibodies for 2 hr at 24°C: rat monoclonal anti-GFP (1:1,000; 04404-84; Nacalai) and mouse monoclonal anti-calbindin D-28K (1:1,000; AB1778; Merck Millipore). Subsequently, the cultures were incubated with the following secondary antibodies for 1 hr at 24°C: Alexa Fluor 488 goat anti-rat IgG (1:1,000; A11006; Thermo Fisher Scientific) and Alexa Fluor 568 goat anti-mouse IgG (1:1,000; A11036; Thermo Fisher Scientific). Eight coverslips were used for the assay of the CMV, L7-3, and L7-4 promoters, whereas four coverslips were used for the MSCV, L7-1, L7-2, and L7-5 promoters. After fixation at 14 DIV, we counted the number of GFP-expressing Purkinje cells, the total number of Purkinje cells, and the number of GFP-expressing cells in each coverslip.

For the comparison of the relative GFP intensity, we randomly selected 40 visual fields per promoter and acquired the GFP fluorescent images using a fluorescent microscope (DMI6000 B; Leica Microsystems). Subsequently, the GFP fluorescence intensity was measured using ImageJ; the intensity obtained after subtraction of the background intensity was used for the comparison.

AAV9 and AAV-PHP.B Vectors {#sec4.4}
--------------------------

The packaging plasmid for the AAV-PHP.B (pAAV-PHP.B) was constructed by replacing the wild-type fragment between the BsiWI and PmeI sites of pAAV2/9 (kindly provided by Dr. J. Wilson) with the mutant capsid gene fragment. The mutant capsid gene between the BsiWI and PmeI sites was synthesized according to the PHP.B VP1 sequence (GenBank: KU056473 \[3\]; Eurofins Genomics). Subsequently, the mutant capsid gene fragment was subcloned into the pAAV2/9. Recombinant single-strand AAV9 or AAV-PHP.B vectors were generated by co-transfection of HEK293T cells with three plasmids: pAAV/L7-6-GFP-WPRE (woodchuck hepatitis post-transcriptional regulatory element \[WPRE\]), pHelper (Stratagene), and pAAV2/9 or pAAV-PHP.B. The viral particles were harvested from the media at day 6 post-transfection and were concentrated by precipitation with 8% polyethylene glycol 8000 (Sigma-Aldrich) with 500 mM sodium chloride. The precipitated viral particles were re-suspended in PBS and purified with iodixanol (OptiPrep; Axis-Shield Diagnostics) continuous gradient centrifugation. The viral solution was further concentrated and formulated in PBS using Vivaspin 20 (100,000 molecular weight cutoff \[MWCO\] polyethersulfone \[PES\]; Sartorius). The genomic titers of the purified AAV9 and AAV-PHP.B vectors were determined by real-time qPCR using THUNDERBIRD SYBR qPCR Mix (Toyobo) with the primers 5′-CTGTTGGGCACTGACAATTC-3′ and 5′-GAAGGGACGTAGCAGAAGGA-3′, targeting the WPRE sequence. The expression plasmid vectors were used as standards. The viral titers were 1.1 × 10^14^ vector genomes (vg)/mL (AAV9) and 3.7 × 10^13^ vg/mL (AAV-PHP.B).

Generation of the L7-4-GFP Transgenic Mouse {#sec4.5}
-------------------------------------------

The L7-4-GFP transgenic mouse was generated as previously described.[@bib36], [@bib58] Briefly, C57BL/6 mice were treated with serotropin (5 IU; ASKA Pharmaceutical) and gonadotropin (5 IU; ASKA Pharmaceutical) to induce superovulation. Subsequently, two-cell embryos were harvested by oviduct perfusion. Lentiviral vectors expressing GFP under the control of the L7-4 promoter were injected into the perivitelline space of these two-cell embryos using a Femto Jet microinjector (Eppendorf AG) through the Femto Tip (Eppendorf AG). The lentivirus-injected embryos were subsequently transplanted into the oviduct of pseudopregnant ICR mice.

Injection of the Lentiviral Vectors into the Mouse Cerebellum {#sec4.6}
-------------------------------------------------------------

After deep anesthesia by intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg), a C57BL/6 mouse at P22--P27 was fixed on a stereotactic frame. The scalp was cut and a hole through the occipital bone was made 2 mm caudal from the lambda. The tip of a Hamilton syringe (33G) with an attached micro pump (Ultra Micro Pump II; World Precision Instrument \[WPI\]) was stereotactically inserted into the cerebellar vermis at a depth of 1.75 mm from the cranial bone surface. A total of 10 μL of the viral solution was injected using a microprocessor-based controller (Micro4; WPI) at a rate of 450 nL/min.

Injection of the AAV-PHP.B Vectors into the Mouse Orbital Venous Plexus {#sec4.7}
-----------------------------------------------------------------------

C57BL/6 mice at P36--P46 were anesthetized with the same procedure described above. The AAV-PHP.B vectors were loaded into a 29G syringe (SS-10M2913A; TERUMO). The mice were placed on their left side, and the facial skin was stretched to immobilize the face during the injection. Along the medial angle of the right eye, the needle was inserted into the right orbit until the tip reached the orbital bone, where the orbital venous plexus is located. An amount of 100 μL of the viral solution was injected during 1 min.

Mouse Histological Analysis {#sec4.8}
---------------------------

Mice were histologically analyzed at P28 (transgenic mouse) or 1 (lentiviral vectors) or 3 (AAV-PHP.B) weeks after the viral injection. After deep anesthesia, the mice were transcardially perfused through the left ventricle with PBS followed by 4% paraformaldehyde in 0.1 M phosphate buffer. Subsequently, 50-μm-thick sagittal sections of the whole brain or cerebellum were made using a microslicer (VT1000 S; Leica Microsystems). The intensity of GFP fluorescence of the cerebellar sections from lentivirus-treated mice was compared as described previously.[@bib44] Briefly, three sections per mouse were randomly selected, and a GFP fluorescence image of each slice was captured using a fluorescence microscope (BZ-X700; Keyence). The measurement of the fluorescence intensity was performed using ImageJ. The background intensity was subtracted for the comparisons.

For immunohistochemical analysis, free-floating brain sections were permeabilized with 0.1% Triton X-100 for 30 min at 24°C. Subsequently, sections were incubated either in a blocking solution (5% normal donkey serum, 0.5% Triton X-100, and 0.05% NaN~3~ in phosphate buffer) for 1 day at 4°C with the primary antibodies rat monoclonal anti-GFP (1:1000; 04404-84; Nacalai Tesque) and rabbit polyclonal anti-Parvalbumin (1:200; PV-Rb-Af750; Frontier Institute), or in a blocking solution (10% normal donkey serum, 3% bovine serum albumin, and 0.05% NaN~3~ in phosphate buffer) for 2 days at 24°C with mouse monoclonal anti-GAD67 antibody (1:200; MAB5406; Merck Millipore). To visualize the bound primary antibodies, we subsequently incubated sections with Alexa Fluor 488 donkey anti-rat IgG (1:1,000; Life Technologies), Alexa Fluor 568 donkey anti-rabbit IgG (1:1,000; Life Technologies), and Alexa Fluor 568 donkey anti-mouse IgG (1:1,000; Life Technologies) in blocking solution for 3 hr at 24°C. After the secondary antibody reaction, Nissl bodies were stained using the NeuroTrace 640/660 (1:200; Thermo Fisher Scientific) in PBS for 1 hr (or as required) at 24°C.

Injection of the AAV9 Vectors into the Marmoset Cerebellum {#sec4.9}
----------------------------------------------------------

A 1.9-year-old male marmoset with a body weight (BW) of 339 g received an intramuscular injection of ketamine (25 mg/kg) and xylazine (2.0 mg/kg) for anesthesia. The anesthesia was further maintained through the constant inhalation of 2.0% isoflurane. After placing the marmoset into the stereotactic frame, the muscles on the occipital bone were separated bilaterally to make a burr hole at 3 mm posterior to the cross point of the sagittal and lambdoid sutures. The hole was made using a hand drill (SD-101; Narishige) with a drill head (BS1201; MINITOR). An AAV9 vector suspension (100 μL, 1.0 × 10^13^ vg/mL) was injected into the cerebellar cortex 6 mm deep from the occipital bone surface at a rate of 3.3 μL/min. The syringe was kept in place for 2 min after the injection to avoid the viral reversion. Vital signs of the marmoset were monitored throughout the procedure.

Marmoset Histological Analysis {#sec4.10}
------------------------------

Five weeks after the viral injection, the marmoset was anesthetized as described above and perfused intracardially with PBS followed by 4% paraformaldehyde in 0.1 M phosphate buffer. The cerebellum was subsequently dissected, and 100-μm-thick sections were cut and immunostained using the same protocol as in mice. Primary antibodies used were rat monoclonal anti-GFP (1:1,000; 04404-84; Nacalai Tesque) and rabbit polyclonal anti-Parvalbumin (1:200: PV-Rb-Af750; Frontier Institute), whereas the secondary antibodies were Alexa Fluor 488 donkey anti-rat IgG (1:1,000; Life Technologies) and Alexa Fluor 568 donkey anti-rabbit IgG (1:1,000; Life Technologies).

Experimental Design and Statistical Analysis {#sec4.11}
--------------------------------------------

We used the Student's t test to compare between the two experimental groups, whereas ANOVA and Bonferroni correction for post hoc test were used to compare among more than three groups. Data were expressed as the mean ± SEM. All statistical analyses were performed using SPSS v22 (IBM Japan). The sample size in each experiment was estimated by the power analysis using R v3.3.1 (R Foundation for Statistical Computing). Briefly, we used a power of 80% and a significance level of 0.05. Subsequently, a set of parameters including delta and SD were selected when using the Student's t test, whereas a set of parameters including between variance and within variance were selected when using ANOVA. In the rat primary cerebellar neuronal cultures, more than four samples for GFP intensity ([Figure 2](#fig2){ref-type="fig"}C) or four coverslips for the transduction ratios ([Figures 2](#fig2){ref-type="fig"}D and 2E) were required per promoter based on calculations using a power of 80%, significance level of 0.05, and a between and within variance of 1 each. Data were obtained from two to three independent cultures, and quantification was performed by at least two persons who were blinded to the experimental conditions.

In a similar manner, to compare the GFP intensity among mouse groups virally expressing GFP by different L7 promoter constructs, we required four ([Figure 3](#fig3){ref-type="fig"}F), five ([Figure 4](#fig4){ref-type="fig"}G), or four ([Figure 5](#fig5){ref-type="fig"}E) mice per promoter. To compare the number of GFP-positive interneurons in the molecular layer ([Figure 4](#fig4){ref-type="fig"}J) or the number of GAD67/GFP double-positive cells ([Figure 5](#fig5){ref-type="fig"}I), six or four mice per promoter were necessary, respectively. We used three tissue sections per mouse and utilized the average value for the mouse data.

Four mice received an intravenous injection of AAV-PHP.B to validate the presence or absence of the L7-6 promoter activity in extra-cerebellar regions. To examine the Purkinje cell specificity of the L7-6 promoter in the non-human primate cerebellum, we used only one marmoset to minimize the number of animals used.
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